Over 130 y have passed since Charles Darwin first discovered that the adventitious roots of English ivy (Hedera helix) exude a yellowish mucilage that promotes the capacity of this plant to climb vertical surfaces. Unfortunately, little progress has been made in elucidating the adhesion mechanisms underlying this high-strength adhesive. In the previous studies, spherical nanoparticles were observed in the viscous exudate. Here we show that these nanoparticles are predominantly composed of arabinogalactan proteins (AGPs), a superfamily of hydroxyproline-rich glycoproteins present in the extracellular spaces of plant cells. The spheroidal shape of the AGP-rich ivy nanoparticles results in a low viscosity of the ivy adhesive, and thus a favorable wetting behavior on the surface of substrates. Meanwhile, calciumdriven electrostatic interactions among carboxyl groups of the AGPs and the pectic acids give rise to the cross-linking of the exuded adhesive substances, favor subsequent curing (hardening) via formation of an adhesive film, and eventually promote the generation of mechanical interlocking between the adventitious roots of English ivy and the surface of substrates. Inspired by these molecular events, a reconstructed ivy-mimetic adhesive composite was developed by integrating purified AGP-rich ivy nanoparticles with pectic polysaccharides and calcium ions. Information gained from the subsequent tensile tests, in turn, substantiated the proposed adhesion mechanisms underlying the ivy-derived adhesive. Given that AGPs and pectic polysaccharides are also observed in bioadhesives exuded by other climbing plants, the adhesion mechanisms revealed by English ivy may forward the progress toward understanding the general principles underlying diverse botanic adhesives.
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ivy nanoparticle | ivy adhesive | arabinogalactan protein | adhesion mechanism | reconstructed adhesive A lthough there is a growing interest in exploring mechanisms regulating a variety of adhesive behaviors in the animal kingdom (1) (2) (3) (4) (5) (6) , the molecular basis allowing creeping plants, such as English ivy (Hedera helix), to generate sufficient adhesive force, aiding in clinging to vertical surfaces, is rarely discussed (Fig. 1A) . Previous studies have emphasized mechanical strategies exploited by multiple climbing organs that evolve in plants (7) (8) (9) (10) (11) . Nevertheless, the role of the glue-like viscous exudates that are observed on the majority of these organs and that cement the plants to the substrates has been less explored (10, 12, 13) . Diverse polysaccharides and glycoproteins, comprising mucilaginous pectins, arabinogalactans, arabinogalactan proteins (AGPs), and many others, have been identified to be the predominant components in these adhesive substances (14) (15) (16) (17) ; however, the molecular mechanisms underlying the high-strength adhesion remain elusive.
By means of atomic force microscopy (AFM), bulk spherical organic nanoparticles have been observed in the exudates derived from the root hairs of English ivy (18) (19) (20) . These proteinaceous nanoparticles are presumed to exert crucial roles in facilitating the attachment of the adventitious roots and favoring the climbing of English ivy (21) . However, the exact chemical constitution of the ivy nanoparticles has not been identified.
Herein, we report that the ivy nanoparticles are predominantly composed of AGPs. Via further exploring physicochemical cues that are potentially associated with the generation of strong adhesion strength, the roles of these AGP-rich nanoparticles in the high-strength adhesive are elucidated. Inspired by the molecular basis controlling the adhesive action, a reconstructed biomimetic adhesive was subsequently developed. This ivy-mimetic adhesive not only serves as an instance to support the proposed molecular basis for the ivy adhesive but also offers a promising template for guiding the development of ivy-derived and ivy-inspired highstrength adhesive materials.
Results
Ivy Nanoparticles Inherit the Tertiary Structure of the AGPs. A platform for cost-effective cultivation of H. helix has been developed previously (22, 23) . This in vitro cultivation system not only raises the yield of the adventitious roots and the ivy nanoparticles (22) but Significance Despite the significant progress that has been made in exploring the molecular basis for multiple adhesive events in the animal kingdom, the exceptional adhesion behaviors of climbing plants, such as English ivy, are still poorly understood. In this study, the spheroidal nanoparticles observed in the mucilage exuded by the English ivy were identified to be predominantly composed of arabinogalactan proteins (AGPs). The roles of these AGP-rich nanoparticles in favoring the generation of strong adhesion strength are elucidated. The Ca 2+ -driven electrostatic interactions among uronic acids within AGPs and pectin upon curing could be exploited as guidelines in the design and fabrication of novel synthetic adhesives, and the ivy-derived adhesive composite is capable of serving as a template for inspiring the development of diverse adhesive biomaterials.
also retains the attachment feature of the English ivy toward substrates (Movie S1). Uniform and spheroidal organic nanoparticles were obtained after isolation and purification using size-exclusion HPLC (SEC-HPLC) (Fig. 1B) (23) . As shown in Fig. 1C , the size of the purified individual ivy nanoparticles was ∼70 nm in diameter, as measured by AFM (18) . Comparatively, in aqueous suspension, the hydrodynamic size of these nanoparticles was 109.6 ± 2.3 nm in diameter (Fig. 1D) , with a negatively charged surface at pH 7.0 and a zeta potential of −29.0 ± 1.3 mV (Fig. 1E) , as characterized by dynamic light scattering (DLS) and electrophoretic light scattering (ELS), respectively.
In light of the fact that the presence of glycoproteins in the ivy nanoparticles has been determined in recent biochemical assays (21, 23) , we hypothesize that the ivy nanoparticles may consist of typical glycoproteins or proteoglycans present in the ECM of plant cells. Among them, one subfamily of hydroxyproline (Hyp)-rich glycoproteins (HRGPs), AGPs, seem to be the ideal candidates due to their vital roles in supporting the morphogenesis and function of root hairs (24) (25) (26) (27) (28) . In the meantime, the AGPs have been detected in some other botanic adhesives (14) (15) (16) (17) . Additionally, the tertiary structure of the AGPs has theoretically been predicted to be spheroidal according to a wattle-blossom model, which was established to describe their 3D structure by analyzing the constituents and flexibility of the AGPs as a whole (24, (29) (30) (31) .
To test whether AGPs are contained in the ivy nanoparticles, Yariv phenylglycoside dye, a reagent also called β-glucosyl Yariv (β-GlcY), which selectively binds to the AGPs via recognizing both given protein moieties and β-1,3-galactan chains with greater than five residues (24, 30, (32) (33) (34) (35) , was applied for identification. As shown in Fig. 2A , characteristic AGP-like smeared bands in a high molecular weight range were observed on respective SDS/PAGE gels stained with either Coomassie brilliant blue or 0.2% (wt/vol) β-GlcY dye (35, 36) . Consistent with the gel information, the presence of AGPs in the purified ivy nanoparticles was further evidenced by Western blotting analysis using two mAbs, JIM13 and JIM14, which are commonly used to specifically recognize glycan epitopes of typical AGPs (see Table S1 ), as shown in Fig. 2B . In addition, FTIR spectroscopic measurements provided auxiliary evidence to support the existence of AGPs in the ivy nanoparticles, in comparing the IR spectra of the ivy nanoparticles with those of a standard reference AGP, gum arabic (Fig. S1 ). Furthermore, it was observed that the ivy nanoparticles exhibited photoelectron spectra similar to those of the gum arabic, as measured by X-ray photoelectron spectroscopy (XPS) (Fig. S2) . All of the information described above demonstrates that, as expected, the AGPs indeed exist in the purified ivy nanoparticles. To further determine the proportion that AGPs account for in the purified ivy nanoparticles, RP-HPLC was carried out to segregate each noncovalently bonded structural domain. Upon gradient elution at a flow rate of 1 mL/min, a series of fractions were obtained, including one major and four minor ones, as shown in Fig. 2C . Apart from the solvent peak designated as fraction 1, all remnant fractions were loaded onto SDS/PAGE gels with equivalent amounts of samples (30 μg per lane). Among them, only the major fraction designated as fraction 4 was detected by Coomassie brilliant blue and β-GlcY simultaneously (Fig. 2D) . Additionally, via weighing each lyophilized fraction, it was found that fraction 4 occupied up to 94% (wt/wt) of the entire amount, indicating that the vast majority of the components in the ivy nanoparticles consist of an AGP-rich fraction. Spheroidal nanoparticles, with an average diameter that resembled the purified ivy nanoparticles derived from SEC-HPLC, were observed in fraction 4 as examined by AFM (Fig. 2 E  and F) , whereas analogous nanoparticles were not detected in any other fractions, further suggesting that the minor fractions are nonessential constituents for the assembly of the overall architecture of the ivy nanoparticles. Given that structural domains with loosely noncovalent binding should have been separated during the gradient elution in RP-HPLC, these data suggest that the purified ivy nanoparticles observed in Fig. 1C are individual molecules, rather than clusters of multiple molecules. To our best knowledge, this architecture is by far the most regular spherical nanostructure obtained in AGP-rich molecules, and also in agreement with the wattle-blossom model (29) .
The Ivy Nanoparticles Are Rich in Acidic Arabinogalactan and Pectic Polysaccharides. Given that the AGPs have been identified to be the predominant constituent in the ivy nanoparticles, an exploration of the detailed structures of the AGP molecules, including the monosaccharide composition, linkages, uronic acid content, and protein backbones, may allow us to elucidate the precise functions of the AGP-rich ivy nanoparticles involved in the generation of the strong adhesion strength. The glycosyl composition and linkages of sugar residues obtained from fraction 4 are listed in Table S2 . Fraction 4 was rich in Gal and Ara, with respective proportions of up to 28.1% and 36.1% of the total monosaccharides, and 8.1% Rha, 9.6% GalA, 5.8% GlcA, 2.6% Xyl, 5.3% Glc, and 4.4% Man were also identified among the entire monosaccharides (Table S2) . Moreover, the existence of type II arabinogalactans (AGs) in fraction 4 was validated by glycosyl linkage analysis, due to the presence of terminal Gal, as well as 3-, 6-, and 3,6-Gal residues (Table S2 ). In general, the ivy nanoparticles exhibit glycan structures homologous to typical AGPs in terms of the monosaccharide composition and linkages. Meanwhile, the detected GalA and pectic glycosyl linkages, including 2-, 2, 4-Rha, and 4-GalAp, also indicate the presence of rhamnogalacturonan-I (RG-I) and possible homogalacturonan (HG) in the ivy nanoparticles, as listed in Table S2 . In combination with information gained from 1D 1 H NMR spectra, which substantiated the existence of α-GalAp, α-Rhap, α-Araf, and β-Galp residues in fraction 4 ( Fig. S3) , evidence is sufficient to support the concept that the ivy nanoparticles are primarily composed of pectic AGPs, a bulky proteoglycan architecture similar to the arabinoxylan pectin arabinogalactan protein 1 and an RG-I-enriched fraction named Ara101P that are both identified in Arabidopsis thaliana (37) . Notably, even though Glc, Man, and Xyl are not commonly regarded as characteristic monosaccharides in AGPs and pectin, they accounted for a proportion of greater than 12% (mole percent) of the total monosaccharides as a whole in fraction 4.
Typically, AGPs consist of core proteins and diverse O-glycans mainly comprising type II AGs and short oligoarabinosides ( Fig.  3A) (24, 28, 30, 32, 38) . It has been demonstrated that numerous AGP molecules possess negative surface charge that is thought to be associated with the presence of uronic acid substituents (i.e., GlcA and GalA) at the termini of type II AGs (24, 29, 30) . In this respect, likewise, the negative surface charge exhibited by the ivy nanoparticles ( Fig. 1E ) presumably arises from the deprotonation of GlcAp and GalAp residues in solution.
Core Protein Constitutes the Framework for the Construction of the AGP-Rich Nanoparticle. In addition to the monosaccharide composition and linkages, the core protein that constitutes the framework for the construction of the overall architecture of the ivy nanoparticle was also explored. For such a purpose, the AGP-rich fraction gathered from RP-HPLC (i.e., fraction 4) was deglycosylated and a short segment of an amino acid sequence at the N terminus of the deglycosylated protein, Ala-Hyp-Hyp-Hyp-ThrAsp-Ala, was determined via Edman degradation. According to this N-terminal sequence, degenerate primers were designed and the nucleotide sequence for the full-length cDNA encoding the core protein was then determined by 5′-and 3′-RACE cloning (Fig. 3B) . Moreover, the identified full protein sequence, designated as IVY ARABINOGALACTAN PROTEIN (IAGP), demonstrated a moderate similarity to four other HRGPs derived from Arabidopsis in a sequence alignment (Fig. 3C) . Notably, in a BLASTp search in the genome of the A. thaliana, the IAGP identified from H. helix also exhibited a moderate extent of similarity to several cytochrome c oxidase subunits, implying potential homology between these two types of proteins. Accordingly, a phylogenetic analysis was carried out to determine the relationship of the IAGP with these analogous proteins obtained from BLASTp. Among them, the IAGP and the AGP9 were the closest relatives, as shown in Fig. S4A . The identity These four glycoproteins were chosen for multiple sequence alignment because they are the most analogous HRGPs to the IAGP, according to a BLASTp search in A. thaliana. The alignment was generated by ClustalX and edited manually using DNAman. Identical residues are shaded in black, and conserved and similar residues are indicated in dark gray and light gray, respectively.
of the IAGP obtained from the RACE cloning was further validated by MALDI-TOF MS analysis by determining the masses of the tryptic peptides of the deglycosylated fraction 4 obtained from RP-HPLC. As shown in Fig. S4B , three peptides with respective masses detected by the MS matched the predicted molecular masses of expected tryptic peptides. Additionally, the degree of hydroxylation and the distribution of the Hyps in other estimated tryptic peptides were deduced from relevant molecular masses gained from the MS test. Given that greater than 90% of the prolines within the IAGP appear in the form of Hyp, which commonly bears type II AGs and short oligoarabinosides in typical AGPs (29, 30) , the IAGP should be highly O-glycosylated in the ivy nanoparticles, similar to other AGPs identified from A. thaliana.
Spherical AGP-Rich Nanoparticles Favor Surface Wetting. To explore the potential molecular mechanisms that allow the AGP-rich nanoparticles derived from English ivy to intensify the surface adhesion, the intrinsic viscosity of the purified ivy nanoparticles was examined. As expected, similar to a variety of typical AGPs, AGPrich ivy nanoparticles exhibited an exceedingly low intrinsic viscosity in solution ([η] ivy NPs = 30.4 ± 1.9 mL/g), whereas ∼3.7-fold higher intrinsic viscosity was obtained in gum arabic, and ∼8-to 20-fold higher viscosities were observed in pectin and sodium alginate, respectively, as shown in Fig. 4A . Given that the low intrinsic viscosity is commonly regarded as the most exceptional physical trait with respect to the AGPs (24, 29, 30) , and the wattle-blossom theoretical model proposed previously has associated this low intrinsic viscosity with the anticipated spheroidal appearance of the majority of the AGPs (24, 29, 30) , it is logical to expect the potential correlations between this physical property and the physiological activities of the AGP-rich ivy nanoparticles within the adhesive exudates, even though the implication of this physical property during the growth and development of plants has not been illustrated in the earlier studies (24, 29, 30) . Accordingly, a pivotal aim of this study is to elucidate the physiological meanings relevant to the low intrinsic viscosity of the AGP-rich ivy nanoparticles in H. helix.
In most cases, to realize ideal adhesive action, an engineered synthetic glue may be designed and optimized to ensure preferable functionalities in two aspects: a favorable wetting behavior on the surface and an effective strategy to originate sufficient adhesion strength during the subsequent curing (hardening) procedure The amount of the FITC-conjugated ivy nanoparticles bound by the 20-34% esterified pectic polysaccharides was calculated according to a calibration curve for fluorescent intensity vs. concentration. Error bars indicate SD; *P < 0.05, using one-way ANOVA and Tukey's post hoc test. Calcium-dependent binding between the AGP-rich ivy nanoparticles and the BSA/the fully methyl-esterified pectin was not noticeable. (H) A schematic drawing of the Ca 2+ -driven crosslinking among carboxyl groups of uronic acid residues within the AGPs and the pectic acids. (26, (39) (40) (41) (42) (43) (44) . Analogous to a series of conventional glues, to accomplish adhesion at the interface, the sticky exudates derived from English ivy should initially wet the surface, a spreading motion capable of driving an intimate and extensive contact over the substrates. In light of the established wetting theory, the liquid adhesives with lower viscosities typically exhibit a better wetting performance than the highly viscous glues (39, 40, (45) (46) (47) . Thereby, in the case of the ivy adhesive, the comparatively low intrinsic viscosity of the AGP-rich ivy nanoparticles in solution is beneficial for the wetting activity that can be achieved by the ivy adhesive. Additionally, owing to their tiny scale, these nanosized spheroidal particles are also exceptional in penetrating surface irregularities present on most substrates, further promoting intimate interactions between the ivy-derived adhesive and corresponding substrates.
Aggregation of Spherical Nanoparticles Toward the Formation of Adhesive Film. Apart from the wetting activity favored by the low intrinsic viscosity of the AGP-rich ivy nanoparticles, as a typical structural adhesive, in principle, a curing step is required for the ivy-derived adhesive to create sufficient cohesive strength within the exudate, aiding in the formation of strong adhesion strength at the interface (26, (39) (40) (41) (42) (43) (44) . Commonly, curing (hardening) of adhesives arises from water evaporation and/or chemical cross-linking (26, (39) (40) (41) (42) (43) (44) . Notably, in the earlier studies, morphological descriptions with respect to the drying process involved in the curing of botanic adhesives derived from the adventitious roots of English ivy (18) , and the climbing organs of analogous plants (15) , have substantially advanced our understanding of the relevant molecular events regulating the adhesive action in the plant kingdom.
To investigate the hardening of the ivy-derived adhesive in detail, and the role of the AGP-rich ivy nanoparticles in promoting this process, a cultivation platform was developed to collect and observe the sticky exudate in situ, as shown in Fig. S5 . Throughout the secretory and curing progress, traces left on the surface of the fixed silicon wafers were monitored using SEM. It was observed that considerable spheroidal nanoparticles were secreted on the silicon wafers, present around the imprints of the adventitious roots of English ivy, demonstrating an average size similar to those extracted and purified in vitro, as shown in Fig.  4B , Upper. In addition, the ivy nanoparticles remnant on the silicon wafers exhibited a strong tendency to cluster, forming bulky pads at the interface (Fig. 4B , Upper Middle and Upper Right). Given that the AGPs are characterized by their capacity to agglomerate, as described in the previous study (24) , it is reasonable to propose that the aggregation of the ivy nanoparticles within the sticky exudate is driven by the physicochemical interactions of the AGPs. Consistently, in the case of the AGP-rich nanoparticles isolated and purified in vitro by means of SEC-HPLC, a similar agglomerate fashion of nanoparticles over time was also observed, as shown in Fig. S6 . Furthermore, the agglomerate progress of the nanoparticles toward bulky pads demonstrated a trend in the formation of a compact film at the interface, implying the pivotal roles of the spheroidal nanoparticles within the exudates during the curing procedures (Fig. 4B, Lower Left and Fig. S7 ). Meanwhile, energy-dispersive X-ray (EDX) spectra showed that apart from a silicon signal derived from the substrate, the vast majority of the surface elements were carbon and oxygen, suggesting the organic nature of these nanostructures (Fig. 4B, Lower Right) .
Calcium-Dependent Cross-Linking Drives the Curing of the IvyDerived Adhesive. In addition to the abundant spherical nanoparticles observed in the periphery of the imprints of the root hairs, a translucent gel-like porous network comprising tightly cross-linked spheres in nanoscale was also captured in the adhesive remnant on the silicon wafers by SEM observation (Fig.   4B, Lower Middle) . To determine the chemical constituents of this matrix, the remnant substances exuded from the adventitious roots on the silicon wafers were resuspended in PBS and examined using the ELISA screening test, with 38 mAbs raised against the vast majority of the polysaccharides present in the plant cell wall listed in Table S1 . As shown in Fig. S8 , accompanied by AGs, diverse pectic epitopes are also richly distributed in the adhesive secretions. Moreover, a subsequent glycosyl composition assay identified that 4.09% (mole percent) of GalAp residues were contained in the adhesive substances recovered from the remnant on the silicon wafers, as listed in Table  S3 , further suggesting the existence of pectic polysaccharides in the mucilage derived from the adventitious roots of English ivy. Meanwhile, from the monosaccharide composition analyses, it is also noteworthy that the proportion of Glc, Man, and Xyl as a whole is greater than 65% (mole percent) of the total monosaccharides, suggesting the presence of cellulose and/or hemicellulose in the imprints remaining on the silicon wafers. These substances presumably arise from the encapsulation of partial components of the plant cell wall within the cured adhesive, a phenomenon that has been detailed in the previous studies (15, 18) . Given that AGs and pectic substances have been identified to be two of the predominant components in the majority of botanic adhesives, including those obtained from the climbing organs of Virginia creeper, Boston ivy, and Ficus pumila, as shown in the previous cytochemical analyses ( [14] [15] [16] [17] [48] [49] [50] , it is logical to expect that these two acidic polysaccharides possess exceptional capacity to effectively support the adhesive function of the sticky exudates at the interface. In particular, for the mucilage secreted by the root hairs of English ivy, the pectic acids may exist alone and/or be covalently bonded to the AGPs within the ivy nanoparticles as interpreted above. More evidence regarding the coexistence of the AGPs and the pectic polysaccharides within the extracellular matrix of ivy root cells was obtained from the subsequent immunohistochemical assessment, as shown in Fig. 4 C-E, further implying the functional correlations between these two components. In this respect, the effort in the exploration of the potential interactions among these acidic polysaccharides/glycoproteins may substantially improve our understanding of the molecular events controlling the generation of strong adhesion strength within the ivy-derived bioadhesive. For such a purpose, a dot blotting test and a fluorescent combination assay were carried out to evaluate the hypothetical binding between the AGP-rich ivy nanoparticles and the pectic polysaccharides, apart from the aforementioned covalent conjugation of the AGPs and the short fragments of pectin within the ivy nanoparticles. As shown in Fig. 4F , although the AGP-rich ivy nanoparticles indeed demonstrated concentration-dependent interactions with the adsorbed pectic polysaccharides in the dot blotting test, this binding was susceptible to the addition of external Ca 2+ -chelating agent, EGTA, which apparently suppressed the binding affinity of these two components. Additionally, this electrostatic interaction was further quantitatively evaluated using a fluorescent combination assay. As expected, the concentration-dependent interactions between the ivy nanoparticles and the pectic polysaccharides were consistently observed in this assay, as shown in Fig. 4G . In the meantime, for the ivy nanoparticles tested at an initial concentration of 5 mg/mL, the amounts of the immobilized ivy nanoparticles detected in the incubation buffers containing 2 mM Ca 2+ were ∼2.1-to 2.5-fold and 1.5-to 1.8-fold greater than those of the nanoparticles remaining in Ca 2+ -free buffers and EGTA-containing buffers, respectively, at pectin concentrations ranging from 1 to 10 mg/mL. This suggests that the calcium ions are capable of promoting the electrostatic binding of the AGPrich ivy nanoparticles and the pectin. To further validate this Ca 2+ -dependent interaction, 1 mg/mL ivy nanoparticles were applied to the combination assay under the same condition. As shown in Fig. 4G , in comparison with respective amounts of the ivy nanoparticles attached to the adsorbed pectic polysaccharides either in the absence of calcium ions or in the presence of excess EGTA, at least 2.0-and 1.2-fold greater amounts of the FITCconjugated nanoparticles were detected to be bound to the pectin in the EGTA-free reaction buffer containing 2 mM Ca 2+ . In addition, this Ca 2+ -modulated electrostatic interaction between the AGP-rich ivy nanoparticles and the pectic polysaccharides upon binding was further evidenced by testing the binding affinity of the AGP-rich ivy nanoparticles toward other electroneutral molecules, including BSA and fully esterified pectin, in the same assay. As shown in Fig. 4G , in contrast to the case containing 2 mM Ca 2+ , a significant difference in the amount of the FITC-conjugated nanoparticles attached after 1-h incubation was not observed in response to either the absence of calcium ions or the presence of external EGTA, indicating that the calcium ion-driven interaction between the AGP-rich ivy nanoparticles and the acidic pectic polysaccharides is the predominant force aiding in their binding. This electrostatic interaction is displayed by calcium ions in facilitating the crosslinking among carboxyl groups of the uronic acid residues within the AGPs and the pectic acids (Fig. 4H) . It is noteworthy that this Ca 2+ -driven event has been frequently discussed in the earlier reports (24, 31, 51) , with experimental results consistent with that of the current study. Meanwhile, given that Ca 2+ is one of the richest and most physiologically vital ions present in the extracellular space of plant cells (52) (53) (54) , it is reasonable to conclude here that the Ca 2+ -regulated cross-linking among these acidic polysaccharides/glycoproteins undoubtedly renders a potent driving force, effectively promoting the curing (hardening) progress of the sticky exudate derived from the adventitious roots of English ivy. In particular, under natural conditions, AGPs have shown a trend in raising the porosity of the native pectic gel, functioning as "pectin plasticizers" as described previously (28, 30, 55) . In this respect, it is reasonable to propose here that in the ivy-derived adhesive, uronic acid-rich AGPs and pectic polysaccharides cross-link to form a porous network upon hardening, an architecture shown in the SEM observation as mentioned above (Fig. 4B , Lower Middle).
High-Strength Adhesion Is Achieved by the Interactions of the AGPs and the Pectin Within the Ivy Adhesive. In light of the information gained from the overall study, the molecular basis for the ivyderived adhesive at the interface is envisaged and summarized as follows (Fig. 5) . Initially, for the attachment, the AGP-rich ivy nanoparticles are secreted toward the extracellular space of root cells upon contact with corresponding substrates in a manner that has been monitored in real time in our recent study (19) . These spheroidal nanoparticles are concentrated during evaporation, and the highly structural flexibility of the protein backbone as well as the anchored bulky AG branches of the AGPs allow these macromolecules to be tightly packed (29) , reaching an intimate connection between adjacent nanoparticles. Subsequent Ca 2+ -driven cross-linking among carboxyl groups of the uronic acid residues within the AGPs and the pectic acids in the extracellular space favors the cohesion of the adjacent AGP-rich nanoparticles, gives rise to the generation of an adhesive film (24, 31, 38) , further aids in the curing progress of the exuded adhesive, and eventually realizes the adhesive function at the interface by restraining the relative movement of the adventitious roots and the corresponding substrates. Throughout these procedures, the AGP-rich ivy nanoparticles also possess the capacity to permeate irregularities present on the substrates owing to their rough surfaces in most cases, resulting in a strong mechanical interlocking at the interface and further ensuring an ideal adhesive action (26, 39, 40, (42) (43) (44) (45) (46) . In addition to the calcium-dependent electrostatic interactions and mechanical interlocking, the van der Waals force is also evidenced to be involved in the curing process, as interpreted in our previous study (56) .
Reconstruction of an Ivy-Mimetic Adhesive Composite to Validate the Adhesion Mechanisms. In light of the uncovered molecular basis for the ivy-derived adhesive, a reconstructed biomimetic adhesive was subsequently developed by integrating the purified ivy nanoparticles with pectin in the presence of 2 mM calcium ions, to offer an engineering instance that might further evidence the putative adhesion mechanisms summarized above. To evaluate the behavior of the prepared adhesive composites, the adhesion strength of this reconstructed adhesive was examined by both the lap joint shear strength test and the tensile strength test, two strategies that have been extensively applied to quantitatively assess bioadhesives (Fig.  6A) (42, 43, (57) (58) (59) . The variation in shear strength of the prepared adhesive constructs was monitored over time to reflect the curing progress. As shown in Fig. 6B , the shear strength of the ivy-mimetic composites at failure was elevated with increasing time and reached a plateau of maximum value in approximately 3 d. To explore the specific roles of each component within the developed material, the shear strengths of the Ca 2+ -free and EGTA-containing adhesive constructs, as well as those of the individual ivy nanoparticles/pectin incorporated with calcium ions, were also traced throughout the test under the same conditions. Similarly, the maximal shear strengths of the respective control groups could not be approached for approximately 3 d. However, a significant difference in the shear strength values that could be reached after 3 d was observed among distinct adhesive composites. On day 7, a shear strength up to 0.53 ± 0.033 MPa was achieved by the ivymimetic adhesive construct prepared in the presence of Ca 2+ and in the absence of EGTA, substantially greater than those of the Ca 2+ -free or EGTA-containing counterparts, with respective shear strengths of ∼0.31 ± 0.013 and 0.40 ± 0.010 MPa, indicating the significance of the calcium ions in developing an ivy-mimetic adhesive composite with the expected level of performance. Meanwhile, the shear strengths of the composites consisting of 2 mM Ca 2+ integrated with either ivy nanoparticles or pectin alone were ∼0.12 ± 0.036 and 0.40 ± 0.017 MPa, respectively, still markedly weaker than that of the ivy-mimetic adhesive constructs 7 d after preparation. The stress-strain curves of respective adhesive composites, as measured and plotted by the lap shear test on day 7, are shown in Fig. 6C . It could be observed that, for the adhesive composites comprising both the ivy nanoparticles and pectic polysaccharides, the strains at failure were substantially lower than those of the constructs containing either ivy nanoparticles or pectic substances alone. In particular, the minimum strain at failure was Adhesive substances are exuded toward the extracellular spaces of root cells, containing AGP-rich nanoparticles, in a manner that has been documented earlier (19) . The spheroidal shape of these nanoparticles allows them to be liable to spread at the interface and permeate the substrates, as a result of their low intrinsic viscosity. Upon evaporation, nanoparticles are concentrated and packed to reach tight contact, giving rise to the formation of a film. Further calciumdependent cross-linking among carboxyl groups of the AGPs and the pectic polysaccharides elevates the cohesive strength of this film, and the intimate contact of the nanoparticles with the corresponding substrates causes an effective mechanical interlocking at the interface.
reached by the ivy-mimetic EGTA-free adhesive composite in the presence of Ca 2+ . In addition to the apparent effects of the ionic strength, the influence of pH value on the shear strength of the reconstructed ivy-mimetic adhesive was also evaluated by preparing the adhesive composites at distinct pH. As shown in Fig. 6D , in comparison with that of the adhesive composite prepared under neutral condition, slightly but significantly weaker shear strengths obtained on day 7 were observed in response to the pH variations. In particular, in contrast to the composite prepared in Tris-buffered saline (TBS) at pH 7.6, ∼1.4-to 1.5-fold lower shear strengths were reached by the cases prepared at pH 4 or 9 after 7 d. Given that the cross-linking extent of the ivy-mimetic adhesive constructs is determined by the calcium-modulated electrostatic interaction that is susceptible to pH variations, it is reasonable to expect this pH-responsive event here. Because the pK a of pectin is ∼3.5 (60, 61) , and the isoelectric point of the AGP-rich ivy nanoparticles should be located in the acidic range given their negative charge displayed under neutral condition (Fig. 1E) , the deprotonation of the carboxyl groups of the uronic acid residues within both components is suppressed at pH 4 in contrast to that in a neutral environment, resulting in less surface charge and thus weaker electrostatic interactions with calcium ions. On the contrary, Ca 2+ is prone to form slightly soluble Ca(OH) 2 under an alkaline condition (pH 9), also undermining the electrostatic binding. In both cases, the cross-linking degree of the adhesive composites is affected upon the curing process, giving rise to lower adhesion strengths than that of the adhesive material prepared at pH 7.6.
To ideally reflect the interfacial behavior of the reconstructed ivy-mimetic adhesive composites, an alternative tensile strength test was performed by applying the prepared adhesive materials to the joint of two clevis pins, as illustrated in Fig. 6E . Similar to the information gained from the lap shear test, the stress-strain curves show that the strain at failure of the reconstructed ivy-mimetic adhesive composite in the presence of Ca 2+ and in the absence of EGTA is ∼57% and 37% lower than those of the cases containing 2 mM Ca 2+ integrated with either ivy nanoparticles or pectic polysaccharides, respectively, on day 7 (Fig. 6F) . In addition, the tensile strength of this reconstructed ivy-mimetic adhesive composite was ∼3.9-, 1.6-, 3.8-, and 1.7-fold stronger than respective adhesive composites consisting of ivy nanoparticles with Ca molecular events within the botanic adhesives, and, accordingly, little is known about the adhesion mechanisms underlying these mucilages. In recent years, the chemical components of several types of botanic adhesives produced by Virginia creeper (Parthenocissus quinquefolia), Boston ivy, and F. pumila have been examined by immunocytochemical identification and cytochemical stains (12, (14) (15) (16) (17) . Consistently, acidic polysaccharides and glycoproteins, involving pectic acids, AGs, and AGPs, are recognized as the predominant constituents of these adhesive substances. As a result, production of a pectic mucilage that sets and adheres the vines to the support surfaces is thought be involved in the clinging of most climbing plants (14) . Additionally, AGs and AGPs are hypothesized to be the highly mobile phase within the botanic adhesives, capable of penetrating the interstices of the substrates and facilitating the sealing of the adhesives into numerous tiny holes on the surface of the support substrates (14, 63) . Vaughn and Bowling (63) have appropriately described the pectins and the AGPs in the botanic adhesive as "mucilaginous molecules that are spread across the surface of the structure to be attached, filling in the gaps." In particular, "arabinans and AGPs appear to be an even more mobile component of the adhesive, filling in spaces between the papillate epidermal cells and even moving into small cracks in the structure that is attached" (63) . In this study, pectic polysaccharides and AGPs are also identified to be the predominant components of the mucilage exuded by the adventitious roots of English ivy and the AGPs are substantiated to be present in a nanosized spherical appearance within the sticky liquid. These spherical architectures are the most unique feature that distinguishes the ivy adhesive from other botanic mucilages. The spherical shape results in the low intrinsic viscosity of the AGP molecules and thus allows a favorable surface wetting of bioadhesive over the support surfaces. In this respect, this study provides the first experimental evidence to our knowledge to support the hypothetical theory that the AGPs serve as a mobile phase in the adhesive exudates. More importantly, the molecular interactions within the ivy-derived adhesive were investigated in detail and calcium-dependent electrostatic binding between uronic acid residues on the pectic substances and the AGPs is evidenced to be the driving force for the effective cross-linking (curing) of the mucilage. Analogous or identical molecular events might be present in other botanic adhesives owing to their similar functions and chemical constituents.
New Insight into the Physiological Functions of AGPs and Pectin. As one of the most intricate glycoprotein families present in the extracellular space of plant cells (24, 30, 64, 65) , the diversity of the protein backbones and the complexity of the anchored O-glycans allow the AGPs to be involved in numerous aspects of growth and development. In particular, it has been demonstrated that the AGPs are capable of aiding in the formation of pollen tubes, facilitating cellular communication, inducing and adjusting the release of regulatory factors, and participating in many other cellular events (24) . In addition to those identified in the adhesive substances exuded by climbing plants, the AGP molecules are also thought to exert adhesive function on the stigma surface, acting as an adherent base for capturing pollen, as evidenced in the earlier studies (65) (66) (67) (68) . Here, we hypothesize that the AGP-rich nanoparticles exuded by the adventitious roots of English ivy may be involved in molecular events similar to those observed on the stigma surface. In this respect, the efforts in the identification of the roles of the AGP-rich ivy nanoparticles in the generation of strong adhesion strength may considerably improve our understanding of a series of adhesion behaviors throughout the plant kingdom. In contrast, pectin has been thought of as an adhesion molecule for a long time due to its capacity to be internally cross-linked, supported by calcium salt bridges (69) . Owing to its adhesive property, pectin has been exploited in numerous commercial glues (70, 71) . In addition, pectin is involved in a cascade of adhesion events during the formation of the plant cell wall and is necessary for the adhesion of pollen tubes (69, 72) . Here we show that the pectic polysaccharides exhibit a similar adhesion function in the ivy-derived mucilage via the electrostatic interactions with AGP molecules. The molecular bases for this botanic adhesive might provide some hints for elucidating other adhesive events in which the pectin is involved.
New Evidence to Support the Wattle-Blossom Model. In this study, the spherical nanoparticles observed in the mucilage exuded by the adventitious roots of English ivy are identified to be predominantly composed of AGPs, a superfamily of HRGPs present in the plant cell wall. These AGP-rich nanoparticles were harvested by a physical strategy based on size-exclusion chromatography, rather than other chemical approaches that have been extensively used for the preparation of conventional AGP molecules, including Yariv precipitation and immunoaffinity recognition (24, 30) . The inherent morphological traits of the AGPs in the natural environment, as a result, might be maximally preserved by means of this physical isolation procedure. Meanwhile, in the previous studies, despite AGPs having been theoretically predicted to possess a spheroidal appearance owing to their low intrinsic viscosities in solution, according to the wattle-blossom model (24, 29, 30) , the informative value of the viscosity with regard to the plant physiology is still elusive (29, 30) . In this respect, our current study not only serves as evidence to support the theoretical prediction regarding the tertiary structures of the AGPs but also elucidates the physiological meaning of the low intrinsic viscosity.
Similarities Between the Ivy Adhesive and the Animal Adhesives.
Notably, it has been proposed that the genes encoding the HRGPs may originate from a "superfamily" of ancient genes relevant to diverse adhesive events in both animals and plants (26) . In comparing the cell walls of plants to the corresponding extracellular matrices of animals, with respective frameworks built with HRGP extensin family and collagen, obviously, considerable commonalities are shared by these two types of polymeric networks (26) . In particular, repeat motifs dominated by Hyp are observed in both matrices, defining and determining the helical conformation during the complicated assembly and crosslinking process (73) . Meanwhile, the helical conformation is thought to be stabilized by the arabinosyl/galactosyl modification of the Hyps within both networks (26, 73) . Interestingly, a similar Hyp-rich motif is also identified in the adhesive proteins isolated from mussel (4, 74) , suggesting potential evolutionary homology between the adhesive proteins derived from animals and plants (26) . As another typical subfamily of HRGPs, the AGPs identified in the ivy nanoparticles are also rich in Hyp. In this respect, there may be still some ubiquitous principles between these two types of bioadhesives waiting for us to explore.
Bioinspired Engineering Application of the Adhesion Mechanisms
Revealed by English Ivy. The manner in which nanosized particles are involved during the formation of an adhesive film between two adherends has been well elucidated in the case of the poly(vinyl acetate) adhesive, which is a conventional glue prepared by means of emulsion polymerization (40, (75) (76) (77) (78) (79) . Typically, commercially available poly(vinyl acetate) glues are comprised of synthetic particles in nanoscale dispersed in aqueous suspension (76) (77) (78) (79) . After being applied to a substrate, a three-step strategy was used by this glue to accomplish adhesive activity at the interface, including (i) tight packing of the particles upon evaporation, (ii) deformation of the particles toward intimate interactions, and (iii) coalescence (cross-linking) between adjacent particles to create a cohesively strong solid (76) (77) (78) (79) . Analogously, these engineered synthetic nanoparticles boost the mechanical interlocking of the glue at the interface in a pattern similar to that of the spheroidal nanoparticles observed in the ivy-derived adhesive, as documented in the previous reports (39, 40, 75, 80, 81) . In this respect, in contrast to the consecutive molecular events in which the AGP-rich ivy nanoparticles are involved as detailed above, it is logical to propose here that these two types of polymeric nanoparticles share considerable mutual principles underlying their respective adhesive activities. Furthermore, in terms of the engineering applications, given that one typical AGP-rich molecule, gum arabic, has been extensively developed as commercial glues in the stamp industry (24) , the insights into the principles controlling the molecular interactions within the ivy-derived adhesive substances, provided by this study, may have broader impacts on offering guidelines for directing the design and fabrication of engineered or biomimetic glues. In the current study, we reconstructed an ivy-mimetic adhesive composite in light of the molecular bases proposed, and the subsequent tensile tests suggest that it not only in turn validates the adhesion mechanisms underlying the ivy-derived mucilage but also offers a template for exploring the feasibilities of developing ivy-inspired engineered glues with desirable functionalities in the future.
Conclusions and Future Prospects. To summarize, the AGP-rich ivy nanoparticles are essential components in the mucilage exuded by the adventitious roots of English ivy, capable of favoring the generation of strong adhesion strength that aids in surface clinging. The advance in unlocking the molecular mechanisms underlying the ivy-derived adhesive not only forward our understanding of other botanic bioadhesives but may also open new frontiers for the development of ivy-mimetic and ivy-inspired high-strength adhesive composites to eventually expand their engineering applications.
Materials and Methods
H. helix was used for all experiments and was grown as described in refs. 22 and 23. Ivy-derived nanoparticles were isolated and purified as detailed in refs. 21 and 23. DLS and ELS were carried out as described in refs. [82] [83] [84] [85] [86] . SDS/PAGE and Western blotting analyses were performed according to the procedures outlined in refs. 34 and 87-89. FTIR and XPS were conducted to characterize the purified ivy nanoparticles based on the standard procedures. Monosaccharide composition and linkage analyses and NMR analysis were performed at the Complex Carbohydrate Research Center (CCRC) in the University of Georgia, Athens, GA according to the methods described in ref. 37 . Dot blotting test was performed as detailed in ref. 31 , with slight modification. ELISA screening test was also performed at the CCRC, using a method as previously described (90) . Tensile test was conducted to evaluate the reconstructed ivy-mimetic adhesive composites, according to the standard procedure (ASTM D1002) as previously reported (42, 43, (57) (58) (59) , with slight modification. More detailed materials and methods are available in SI Materials and Methods.
